Most instances of colorectal cancer are due to abnormalities in the Wnt signaling pathway, resulting in nuclear accumulation of ␤-catenin. ␤-Catenin activates transcription of target genes primarily by associating with the T cell factor/lymphoid enhancerbinding factor (TCF/Lef) family of transcription factors. In this report, we use serial analysis of chromatin occupancy (SACO) to identify 412 high-confidence ␤-catenin targets in HCT116 colorectal carcinoma cells. Of these targets, 84% contained a consensus TCF motif and were occupied by TCF4 in vivo. Examination of the flanking 5-bp residues in each consensus revealed motif-specific enrichment at neighboring sites. ␤-Catenin binding was localized to the 5 promoters, internal regions, and 3 UTRs of protein-coding genes. Furthermore, 15 components of the canonical Wnt pathway were identified as ␤-catenin target genes, suggesting that feedforward and feedback mechanisms exist to modulate the Wnt signal in colon cancer cells.
T
he ␤-catenin transcription coactivator is a key transducer of the Wnt signal in the canonical pathway. In the absence of Wnt, a multiprotein destruction complex containing glycogen synthase kinase ␤ (GSK3␤), axin, disheveled, casein kinase 1 (CK1), and adenomatous polyposis coli (APC) facilitates ␤-catenin degradation by the proteosome (for a review, see ref. 1) . Upon Wnt binding to Frizzled/low-density lipoprotein receptor complexes, GSK3␤ is inactivated and ␤-catenin accumulates. ␤-Catenin is subsequently translocated into the nucleus where it activates transcription via association with T cell factor/lymphoid enhancer-binding factor (TCF/Lef; hereafter TCF) family of DNA binding proteins. Mutations in components of the canonical Wnt pathway, most notably in APC, are found in 90% of colorectal cancers (2) (3) (4) . Because these mutations contribute to stabilization of ␤-catenin, the identification of nuclear ␤-catenin targets would facilitate an understanding of the pathophysiology of colorectal cancer. However, since the discovery of Wnt 25 years ago (5) , only 30 direct ␤-catenin target genes have been identified in mammalian species (listed at www.stanford.edu/ϳrnusse/wntwindow.html).
Some of the earliest ␤-catenin targets, including c-myc, cyclin D1, ultrabithorax, and siamois were identified through biochemical and genetic methods (6) (7) (8) (9) (10) . Recently, three different approaches have been used to identify additional putative ␤-catenin targets: RNA profiling, serial analysis of gene expression (SAGE), and bioinformatic analysis of TCF4 enhancer elements (11) (12) (13) (14) . Although RNA profiling and SAGE have identified hundreds of transcripts that are affected by Wnt signaling (12, 13) or are differentially expressed in transformed versus normal colon (14, 15) , neither of these technologies identify direct ␤-catenin targets. Hallikas et al. (11) recently developed a computational enhancer element locator to predict Wnt target genes and identified hundreds of potential TCF4 enhancer elements. Only a few of these sites have been confirmed, however, and only a fraction is likely to bind TCF4 in vivo.
ChIP has emerged as a method of interrogating transcription factor-binding regions in vivo on a gene-by-gene basis (16) . Two experimental methodologies were developed to provide genome-wide localization of transcription factor targets isolated by ChIP. The first involves using high-density tiled microarrays that can be probed with fluorescently labeled ChIP DNA (ChIP-onchip). However, difficulties in interpreting microarray data may result in a failure to identify low-affinity or low-abundance targets (17, 18) . Furthermore, repetitive elements, which constitute a significant fraction of the genome, are largely excluded in the design of current arrays. As an alternative to ChIP-on-chip, our laboratory and others have developed sequence-based techniques that identify and localize DNA fragments isolated by ChIP in an unbiased manner (19) (20) (21) (22) (23) (24) . Serial analysis of chromatin occupancy (SACO) is a method that combines ChIP with long SAGE (19, 25) . In this approach, the immunoprecipitated DNA is ultimately represented by 20-to 22-bp genomic tags termed genomic signature tags (GSTs), that are mapped to a genomic database. Because sequence-based approaches do not require a microarray for interrogating genomic binding sites, every binding event in the genome can potentially be sampled, cataloged, and quantified.
In this report, we used SACO to identify ␤-catenin genomic targets in human HCT116 colorectal carcinoma cells. HCT116 cells contain a mutated ␤-catenin allele that stabilizes the ␤-catenin protein. This provides an ideal cellular context to identify the set of ␤-catenin genomic targets that become activated upon stimulation of the canonical Wnt pathway. Here we report the identification of Ͼ400 previously unrecognized ␤-catenin target genes. This analysis greatly expands the list of direct ␤-catenin targets in mammalian cells.
Results
Generation of a ␤-Catenin SACO Library. A key parameter for each SACO library is the quality of the antibody used for the ChIP. To test the efficacy of the ␤-catenin antibody, we assayed its binding to two known ␤-catenin target genes, c-myc and cyclin D1, in HCT116 cells. Enhanced ␤-catenin binding was seen at both promoters, relative to the control GAPDH and tubulin genes (Fig. 1A) . Additionally, binding to c-myc and cyclin D1 was reduced significantly in cells incubated with an siRNA against Author contributions: G.S.Y. and R.H.G. designed research; G.S.Y., S.M., V.R., R.C., and S.P. performed research; G.S.Y., S.M., and R.H.G. analyzed data; and G.S.Y. and R.H.G. wrote the paper.
␤-catenin. TCF4, the protein that recruits ␤-catenin to c-myc and cyclin D1, was also present at these promoters, but not at the tubulin or GAPDH genes (Fig. 1B) .
We used this ␤-catenin antibody to generate a SACO library containing over two million GSTs. Of the 56,822 GSTs sequenced, 31,699 (56%) could be assigned to a unique position in the genome. GSTs that cannot be assigned uniquely most often map to repeat elements, and these were not considered further. GSTs that fell within 2 kb of one another were defined as comprising a cluster. This span was chosen because it represents the largest ␤-catenin chromatin fragments that were included in generation of the library (data not shown). Two thousand eight hundred and nine clusters contained two or more GSTs, and 412 clusters contained three or more GSTs.
ChIP Validation of ␤-Catenin Targets. On the basis of the observation from our previous study that loci with a greater number of GSTs have a higher probability of confirming in repeat ChIP assays (19) , we initially tested 36 randomly chosen loci containing three or more GSTs. A locus was considered positive for ␤-catenin binding if the signal using a ␤-catenin antibody was two-fold or greater than that using an antibody directed against ␤-galactosidase. This threshold was established because nontarget genes (tubulin and GAPDH) have equal background binding with the two antibodies (Fig. 1 A) . Thirty-five of these targets (97%) were positive in repeat screening ( Fig. 2A ). An additional 37 targets were then analyzed, all of which were confirmed to bind ␤-catenin (Fig. 2 A) . Overall, therefore, 72 of 73 (98.6%) targets containing three or more clustered GSTs were confirmed to bind ␤-catenin by a repeat ChIP assay. By extrapolation, we predict that ␤-catenin binds 407 of the 412 targets in our library characterized by three or more GSTs. Therefore, the false discovery rate in this population is Ϸ1%. Most of the targets in the SACO library are represented by either one or two GSTs. Within these populations, 50% (10 of 20) containing one GST confirmed in a repeat ChIP assay, and this percentage increased to 85% (17 of 20) in targets containing two GSTs (data not shown). Thus, even targets represented by only one or two GSTs can readily be identified by repeat ChIP assays.
␤-Catenin is believed to bind DNA primarily through recruitment via TCF (26) . However, other transcription factors, including FOXO, Pit1, and Prop1, can also recruit ␤-catenin (27) (28) (29) . In colon cells, the predominant TCF is TCF4 (30) . To identify SACO targets that were potentially capable of recruiting ␤-catenin via TCF4, we searched for a consensus TCF site, CTTTG A/T A/T, in 5-kb regions of DNA defined by clusters of three or more GSTs. Three hundred and forty-five of 412 (84%) high-confidence ␤-catenin targets also had the consensus TCF4 motif. We tested 34 of the 345 and found that 33 bound both ␤-catenin and TCF4 ( Fig. 2B ; labeled consensus TCF). The one target that did not bind TCF4, CACNA2D2, also failed to bind ␤-catenin and is a false positive. Primers designed to six 5-kb genomic regions lacking the TCF consensus motif were included as negative controls; these regions failed to bind TCF4. This unbiased analysis suggests that most ␤-catenin recruitment occurs through TCF in colon cancer cells; presumably, ␤-catenin binding to the remaining small fraction of targets occurs through an alternative mechanism. Sixty-seven (16%) of the highconfidence targets did not have a consensus TCF motif. Of 37 tested, 28 lacked significant TCF4 binding (Fig. 2B , labeled no consensus TCF). However, 9 of the 37 targets that lacked a consensus TCF4 motif nevertheless showed significant levels of TCF4 binding. In fact, one target (chr5:156824232) had the same level of binding as cyclin D1. TCF4 binding to this group of targets likely occurs through a nonconsensus motif or indirectly through an unrelated factor(s).
Characterization of TCF Motifs. To establish the significance of the enrichment of the consensus TCF motif in our high-confidence targets, we first generated a background model of five sets of 412 5-kb DNA sequences centered around random NlaIII sites, The distribution of the consensus TCF motifs. CTTTGAA, CTTTGTT, CTTTGAT, or CTTTGTA, was significantly different in the high-confidence target sequences compared with each of the in silico mapped sets (all P values Ͻ0.05, average P value, 0.0092). A total of 1,016 TCF consensus motifs localized to regions defined by the ␤-catenin clusters. These motifs were found to occur at the following frequencies: CTTTGAA, 30.8%; CTTTGTT, 28.8%; CTTTGAT, 24.2%; and CTTTGTA, 16.2%. The flanking 5-bp windows of each consensus motif were examined by categorical data analysis to determine whether there was motif-specific enrichment for particular nucleotides. We indentified three flanking sites with consensus motif-specific nucleotide usage (positions ϩ1, ϩ2, and ϩ4) ( Table 1) . As previously reported in a TCF4 binding site selection study (11) , we found that a G was enriched at the ϩ1 position in the CTTTGAT consensus (Table 1) . There was also a perference for particular nucleotides at all three flanking sites for CTTTGAA and at positions ϩ1 and ϩ2 for CTTTGTT (Table 1) . Thus, nucleotides outside the TCF consensus may provide additional information for each motif. Genomic Location of Putative ␤-Catenin Binding Sites. Several databases were interrogated to determine whether ␤-catenin binding occurs near known regions of transcription. Of the 412 high-confidence ␤-catenin GST clusters, 77% were within 2.5 kb of annotation supported by ECgene, RefSeq, Ensembl, or University of California, Santa Cruz known gene databases (Fig.  3A) . Within the group of 316 targets mapping to annotated regions, most were supported by evidence from all four databases, however a significant portion (21%) were supported only by ECgene transcripts (Fig. 3B) . This is likely due to the large number of ESTs that are unique to ECgene. Of the 192 protein-coding (RefSeq) genes in the high-confidence ␤-catenin target list, the majority (73%) had binding sites at internal positions, defined as a location at least 2.5 kb inside the transcriptional start and stop sites. Of the predicted ␤-catenin binding sites, 15% fell within the 5Ј UTR, defined as an inclusive region 2.5 kb upstream and downstream of the transcription start; 11% were within the 3Ј UTR, defined as an inclusive region 2.5 kb upstream and downstream of the transcription stop. In addition, 13% of ␤-catenin binding sites were within 5 kb of a CpG island. ␤-Catenin, therefore, is similar to other mammalian transcription factors, including CREB, myc, SP1, and p53, in binding to regions of genes outside the 5Ј promoter region (19, 31) . Particularly striking, however, was the large percentage of genes that had internal ␤-catenin binding sites. Whether these sites regulate alternative promoters or function cooperatively with the 5Ј promoter has not been determined. We organized the 192 high-confidence protein-coding ␤-catenin target genes by function [supporting information (SI) Table  2 ]. We then used SAGE data from the Cancer Genome Anatomy Project (CGAP) to determine whether these genes were associated with transcripts (http://cgap.nci.nih.gov). Because our library was constructed from HCT116 cells, which were also the source of a SAGE library, we were able to align the SAGE tags with our SACO loci. Of 192 protein-coding genes, 105 had at least one tag identified by SAGE, suggesting that more than half 
T/C T ** ** * Identification of flanking sites to TCF consensus motifs for which there was a significant motif-specific enrichment. Position ϩ1 refers to the nucleotide immediately 3Ј to the seventh base in the motif. For each site for which there was a significant association between motif and nucleotide usage, the most enriched site(s) is reported on the basis of contribution from the adjusted residuals. * , P Ͻ 0.05; ** , P Ͻ 0.0001. . Genomic targets were chosen at random from 412 loci containing three or more clustered ␤-catenin GSTs. Primers were designed to a 500-bp region surrounding the mean GST by using primer3 software (Massachusetts Institute of Technology). The mean GST is the midpoint of GST anchors that define the cluster. A locus on the x axis labeled with a known gene symbol indicates that the position of mean GST is within or near 2.5 kb of that gene. All other loci are indicated by the chromosomal position of the mean GST cluster. Data are represented as percent input. Regions interrogated as negative controls included tubulin, GAPDH, the cyclin D1 3Ј UTR, and six 5-kb regions of the genome chosen at random, which lacked a consensus TCF motif (CTTTG A/T A/T). (B) The same as in A except that a TCF4 antibody was used to precipitate the putative targets in a ChIP assay. Two independent clusters in the villin 2 gene (VIL2) were confirmed. Error bars represent SEM.
of the genes bound by ␤-catenin are expressed in HCT116 cells (SI Table 2 ).
Two hundred one high-confidence targets did not map to protein-coding genes in the RefSeq database. We used the Functional Annotation of Mouse 3 (FANTOM3) database to determine whether these ␤-catenin binding sites were associated with transcripts (http://fantom.gsc.riken.go.jp/). The FANTOM3 data clusters groups of closely associated capped analysis of gene expression (CAGE) tags to define transcriptional start sites (TSSs) (32) . Of the noncoding ␤-catenin targets, 44% had at least one TSS within a 5-kb region of a GST cluster, suggesting that these noncoding targets were also transcribed.
We then determined whether components of particular signaling pathways were over-represented in the ␤-catenin SACO library. By using pathway data from the Kyoto Encyclopedia of Genes and Genomes (KEGG), BioCarta, and the Cancer Pathway Database (cPath) , we found that 113 potential ␤-catenin genomic targets, represented by one, two, or three or more GSTs, belong to the Wnt signaling pathway. We tested 24 of these targets for ␤-catenin binding by ChIP and found that 15 displayed significant interaction (Fig. 4A) . Each layer of the Wnt signaling pathway is represented in this target list, from cell surface receptors to nuclear transcription factors (Fig. 4B) . This is consistent with reports demonstrating that components of the Wnt pathway are themselves ␤-catenin targets (33, 34) and suggests that autoregulation within the Wnt pathway is more extensive than previously appreciated. Components of the hedgehog and TGF␤ pathways were also significantly enriched in our library.
Discussion
Although bioinformatic characterization of transcription factor binding motifs can have important predictive value, experimental approaches are still required to localize transcription factor binding sites on a genome-wide level. Hybridization-based methods (i.e., ChIP-on-chip) have been used most extensively to accomplish this goal. Sequence-based methodologies (which couple ChIP and long SAGE), are somewhat more laborious than ChIP-on-chip approaches but are also potentially less biased and avoid limitations involving hybridization specificity, genome coverage, and reproducibility (17) . Additionally, the decreasing price of DNA sequencing may soon equalize the costs of the two approaches (35) . Here, we use a sequence-based approach, SACO, to identify ␤-catenin-binding sites in HCT116 colorectal carcinoma cells. We provide a list of 412 new highconfidence targets bound by ␤-catenin in vivo, which expands the number of direct ␤-catenin binding targets in mammalian cells by Ͼ15-fold.
The primary mechanism of ␤-catenin-mediated transcriptional activation involves association with members of the TCF family of transcription factors bound at specific chromosomal locations. Presumably, only a fraction of the potential TCF binding sites is actually occupied, however, and only a fraction of these recruit ␤-catenin. Moreover, ␤-catenin can associate with DNA-binding proteins other than TCF. Our finding that 84% of the 412 ␤-catenin targets colocalize with a consensus TCF motif and bind TCF4 in vivo supports the view that TCFs are responsible for most ␤-catenin-dependent transcriptional signaling. Furthermore, this association supports the observation that dominant negative TCF4 disrupts the proliferative capacity of both colon cancer cells and the colonic crypt (13) . Nine ␤-catenin targets lacked a TCF motif but still bound TCF4 by ChIP, suggesting that TCF4 either recognizes a novel binding element that deviates significantly from the consensus sequence in these instances or that it can bind DNA indirectly through some other factor. Other targets lack a TCF motif and fail to bind TCF4 in a ChIP assay. Efforts to identify factors responsible for ␤-catenin recruitment at these TCF4-independent sites are underway. GAPDH  AXIN2  DKK2  TCF7L2  WNT2  CUL1  LRP5  AXIN1  APC2  DVL2  DVL3  CTBP1  TCF7  WIF1  WNT16 The first TCF (TCF1) was identified as a factor that bound an enhancer downstream of exon IX in the CD3-gene (36) . TCF1 is found only in T cells, and its binding to the CD3-enhancer was conferred by a AACAAAG motif (this motif is the inverse of the CTTTGTT motifs described above). What has been elusive, due to the paucity of known ␤-catenin/TCF direct targets, is whether flanking residues also contribute to ␤-catenin/ TCF binding. Our analysis allowed us to examine a large collection of target genes identified empirically. Surprisingly, different TCF consensus motifs were associated with different preferred flanking residues. We propose that this enrichment offers an additional layer of specificity for ␤-catenin/TCF targets. Whether these motifs bind TCF with different affinities has not been determined. It is possible that variant motifs may specify classes of genes that are under distinct developmental regulation.
␤-Catenin binding was detected within annotated regions of the genome and in regions that lack known transcripts. For protein-coding genes, putative ␤-catenin-binding elements localized within 5Ј promoters, 3Ј untranslated regions, and internal positions. A regulatory role for ␤-catenin binding at the 5Ј ends of protein-coding genes has been established for many genes that were identified in our library, including c-met, c-myc, cyclin D1, PPAR␦, c-jun, axin2, and others (10, 33, 37, 38) . In a previous report, we characterized a ␤-catenin binding site that localized to the 3Ј UTR of the E2F4 gene (39) . We found that ␤-catenin recruitment to this site by TCF4 resulted in production of an E2F4 antisense transcript. Importantly, ␤-catenin-dependent induction of the E2F4 antisense transcript reduced levels of E2F4 protein and decreased the association of E2F4 with several target promoters. Interestingly, a confirmed ␤-catenin binding site also localized to the 3Ј end of the c-myc gene (data not shown). Binding to this site raises the possibility that c-myc may also be regulated by an antisense transcript, as has been shown for N-myc (40) . We used CAGE data from the FANTOM3 consortium to determine whether other high-confidence target genes with 3Ј ␤-catenin-binding sites were associated with antisense transcripts. Of the 3Ј targets, 76% have CAGE evidence for antisense transcription, suggesting that ␤-catenin regulation of these transcripts may be a common phenomenon. The propensity for ␤-catenin to occupy internal positions within proteincoding genes is also of interest. In a separate SACO screen using TFIIB to identify core promoter elements, we noticed a similar abundance of internal sites (G.S.Y. and S.M., unpublished work). In that study, we found that internal TFIIB sites demarcated promoters that drove expression of novel transcripts. The FANTOM3 consortium similarly provided evidence for internally derived RNAs. Although ␤-catenin has been found to regulate 5Ј promoters through binding sites in the first intron, the function of the internal ␤-catenin binding sites remains an open question.
It is recognized that this study does not provide a comprehensive list of ␤-catenin target genes. Absent from our highconfidence list, for example, were the well characterized targets c-myc and cyclin D1. However, these targets were, in fact, represented by single GSTs. Because these two genes bind ␤-catenin in ChIP assays (Fig. 1 A) , it is likely that deeper sequencing would have increased their representation, and also identified additional targets. We therefore searched all 33,699 loci in our library for targets listed on the Nusse website, the most comprehensive compilation of ␤-catenin regulated genes. Thirty-six putative targets from the Nusse list were represented in the ␤-catenin SACO library by one or multiple GSTs, and 15 of these were tested for ␤-catenin-binding by ChIP. Nine had significant levels of ␤-catenin binding, demonstrating that SACO library contains many previously identified ␤-catenin target genes.
An extensive analysis of gene targets in the ␤-catenin SACO library revealed a striking enrichment for components of the canonical Wnt signaling pathway. This finding suggests that the pathway itself acts as a rheostat to regulate the Wnt signal. For example, the colonic crypt is divided into discrete zones of proliferating and differentiating cells (41, 42) . Transitamplifying cells, produced by multipotent stem cells occupying the base of the crypt, proliferate rapidly in the presence of Wnt. We predict that expression of positive regulators of the pathway, such as DVLs, Wnts, and LRPs, would potentiate the action of Wnt signaling. It is somewhat surprising that negative regulators of the Wnt pathway, including Axins, Ctbp1, and Cul1, were also found as direct ␤-catenin target genes. Expression of these factors may be envisioned to aid in ceasing the Wnt signal. This is necessary for proliferative progenitors to differentiate into the enterocytes, goblet cells, and enteroendocrine cells. For colorectal carcinomas that develop by prolonged Wnt/␤-catenin signaling, we propose that positive regulators of the pathway would be preferentially expressed over negative regulators. Analyzing the expression of these genes in normal and Min mice (which develop colon cancer) may allow us to test this hypothesis (43, 44) .
In summary, we provide evidence that the number of genomic ␤-catenin targets is much greater than previously envisioned. Because the targets in this screen were identified in a colon cancer cell line with hyperactive Wnt signaling, a deeper analysis of these targets should provide further insight into the mechanisms underlying colorectal carcinogenesis. In addition, it will be of interest to determine whether these targets are functional in other Wnt signaling paradigms (i.e., stem cell self-renewal, hematopoesis, and neurogenesis).
Materials and Methods
Cell Culture. HCT116 cells (ATCC no. CCL-247) were grown in McCoy's 5A modified medium [American Type Culture Collection (ATCC)]. Media was supplemented with 10% FBS (HyClone, Logan, UT), 100 units/ ml penicillin, 100 units/ ml streptomycin, and 5 mM L-glutamine. Cells were maintained at 37°C and 5% CO 2 .
ChIP. Antibodies used for ChIP included: 3 g of anti-␤-catenin (no. 610154; BD Transduction, Lexington, KY), 3 g of anti-TCF4 (no. 05-511; Upstate Biotechnology, Lake Placid, NY), 3 g of anti-␤-galactosidase (Z378B; Promega, Madison, WI), and 6 g of rabbit anti-mouse IgG (no. 315-005-003; Jackson ImmunoResearch, West Grove, PA). ChIP assays contained 5 ϫ 10 6 cells and were conducted as described in ref. 19 with the following modifications: Chromatin in formaldehyde-fixed cell lysates was sonicated to an average size of 600 bp by using a Misonex cup horn sonicator (5 ϫ 20 sec, 140-to 150-W pulses with 60-sec rest intervals on ice). Lysates were clarified by centrifugation at 20,800 ϫ g for 10 min at 4°C and incubated with primary antibody overnight at 4°C. Secondary rabbit anti-mouse IgG was then added for 6 h. Immunocomplexes were captured with BSA/glycogen-blocked protein A Sepharose (Repligen, Cambridge, MA), washed, and the bead pellet was resuspended in 100 l of TE, pH 8.0. RNA was digested for 30 min at 37°C with 50 g of RNase A (Roche, Indianapolis, IN). SDS was added to 0.25% and proteins were digested with 250 g of proteinase K (Roche) for 12 h at 37°C. Formaldehyde cross-links were reversed at 65°C for 6 h. Samples were phenol/chloroformextracted, and the DNA was precipitated in 100% ethanol. DNA fragments were quantified by RT-PCR, as described in ref. 19 . Reactions were run on an Opticon 346 thermocycler (MJ Research, Cambridge, MA) for one cycle at 95°C for 35 sec and for 50 cycles at 94°C for 15 sec and at 70°C for 40 sec. ChIP data are presented as percent input by dividing values obtained from total input multiplied by 100. Primers were designed with
